Abstract: We present a quantum cascade laser emitting around 2.9 THz, based on a new hybrid plasmonic waveguide design. The resultant optical mode provides a performance commensurate with a metal-metal waveguide, while improving the far-field pattern.
Introduction
Terahertz (THz) quantum cascade lasers (QCLs) [1] are now employed in a huge variety of applications which require a low divergence Gaussian beam such as spectroscopy and imaging. The need for subwavelength confinement of THz light in order to achieve a sufficient overlap between the active region and the optical mode profile, has lead naturally into the realization of first plasmonic semiconductor-metal waveguides (SP), having higher output power and better emission patterns, and then metal-metal (M-M) waveguides, having the best temperature performance [2] . Unfortunately, because of the metal thickness required for the wafer bonding (≈ 1 μm), it is not possible to achieve a controlled mode leakage into the substrate, that would be beneficial for light extraction. The poor quality of the beam emission out of a M-M QCL, is a direct consequence of the high subwavelength modal confinement creating a mismatch with the optical mode propagating in free space. The ultimate aim is to achieve the beam pattern as that obtained from a SP waveguide with the temperature performance of a M-M waveguide. We present the realization of a hybrid plasmonic-dielectric waveguide based on an alternative wafer bonding technique utilizing a low loss (optical) polymer as a bonding/waveguide layer, which is compatible with arbitrary metal thickness between cladding and laser active region [3] . This process allows a controlled mode leakage into the cladding/bonding dielectric layer, thus reducing the subwavelength confinement and improving the beam pattern emission. Furthermore, this method allows a precise way to control the coupling between active elements, fabricated in the semiconductor material, and other passive low-loss integrated elements, such as microring resonators, wavelength division multiplexers, propagating in the polymeric/resin substrate, which itself acts as a slot waveguide, thus opening the way to the realization of an integrated platform in the THz frequency range.
Fabrication and characterisation
The low refractive index material (n = 1.55) which at the same time provides the wafer bonding and the cladding layer, is the resin Cyclotene (BCB) 4026-46 from Dow company. This material is selected because of its mechanical strength and thermal stability has already been employed as bonding element and due to its low losses in the THz, it has been already used in the fabrication of photonics crystals in QCLs [4] . The wafer bonding process, described in details elsewhere [3] , consists of several steps. First, an arbitrary thick metalllic layer (Ti/Au) is thermally evaporated on top of the active region wafer. A few micrometer thick layer of BCB is then spun on the active region wafer and on the host n + substrate one. After a first thermal curing step at 210 • C, a 2 nd layer of BCB is spun on one wafer and the wafer is flipped into contact at the BCB layer interface. The sample is then thermally cured at 265 • C for few hours in order to be thermally and mechanically stable, and can be process by using selective chemical etching procedures normally adopted for M-M THz QCLs. Ridges were fabricated by standard photolithography followed by chemical wet etching, yielding QCLs that were typically 1-2 mm long and 120 μm wide.
The BCB bonding process was done on a bound to continuum emitting at 2.9 THz [5] . The lasers were In-mounted on a copper block, wire bonded and tested on a cold-finger continuous flow Helium cryostat, while the power measurements have been carried out with a Golay cell and lock-in amplifier. Fig. 1 a) and b) show the schematic of a hybrid plasmonic waveguide THz QCL and a M-M one. The corresponding far fields, acquired at a distance between detector and laser facet of 12 mm are presented in Fig. 1 c) and d) respectively. The far field shown in Fig. 1 c) represents an improvement with respect to a standard M-M laser and is comparable with the far-field presented by other more complex beam shaping appraches such as a third order DFB QCLs [6] . The electro-optical characterisation of the hybrid waveguide, shown in Fig. 1 e) , is comparable with the standard light-voltage-current of a standard M-M bonded QCL, shown in Fig. 1 f) . Finally, the threshold currents for the two lasers and the corresponding curves which represent the best fit with the standard euristic formula to the experimental data points are reported in Fig. 1 g) . The maximum operating temperature of the BCB bonded QCL is 95 K compared to the 80 K of the M-M QCL. Furthermore, apart from improved far field emission and technical advantages, such as the fast and economical process, this approach allows the realization of a new kind of efficient waveguide, which could be employed for the realization of different integrated optical devices operating in the THz frequency range. Fig. 1 . a) Schematic of a hybrid plasmonic waveguide with a Ti/Au thickness of 300 nm. b) Schematic of a standard M-M waveguide from the same active region design. c) and d) Beam patterns from the two waveguides. e) and f) Light-current-voltage characteristics of the hybrid waveguide (1.31 mm*120 μm) and of the M-M waveguide (1.79 mm*140 μm), respectively. Both lasers were pulsed at 100 kHz and 2% duty cycle. g) Threshold currents for the two lasers together with the best fit given by the solid lines. The maximum operating temperature for the BCB bonded QCL is 95 K, while is 80 K for the M-M laser.
